Abstract-
to detect faults in an industrial robot joint. Communication through wireless ZigBee protocol was added to the used microcontroller (DUE board) by using both Arduino wireless shield and an XBee wireless module. WSNs has been applied to use for underground pipeline monitoring [4] . Here a pressure/acoustic and soil properties sensors used for detection and localize leakage in an underground pipeline, The measurements were taken by the underground sensors out of pipelines are transmitted by utilizing the magnetic induction (MI)-upon on wireless underground sensors networks. In [5] a measurement system using RFID Tag integrated with an accelerometer for infrastructure health state monitoring was presented. The researchers utilize semi-passive radio-frequency identification (RFID) tag to design a measurements system for remotely monitoring dynamic acceleration of infrastructure. In [6] , a monitoring system was applied to an assessment of the dynamic behavior of railway catenary systems. The researchers explore the development of a wireless sensor system for examining the structural behavior of existing railway catenary sections while the pipeline is in operation. The sensors measure acceleration and rotational velocity in and around three axes.
This paper presents the design and implementation of a minimal cost wireless sensor node for structural health state monitoring of oil pipeline. The monitoring system based on measuring the vibration of the pipe and then Data relay and data collection performed to send the measurements wirelessly to a centralized PC station using the ZigBee protocols based upon IEEE 802.15.4 report as an efficient communication link to detect/monitor the pipeline health state. Section 2 presents the background for oil pipeline specifications, while Section 3 presents the wireless node design in term of a hardware component and wireless protocol. Section 4 shows the details of the system setup. The results discussion are given in Section 5, and Section 6 concludes the paper.
II. OIL PIPELINE SPECIFICATION AND NATURAL FREQUENCY
The pipes used for the transportation of petroleum products are made of carbon steel, which is highly resistant to corrosion and rust. These pipelines are used as external transport lines between cities or as distribution lines within the main stations in each city. Pipeline diameters range from 25 mm within the internal transport to 350 mm in the external transport. In addition, the thickness of the pipe wall is proportional to its diameter [7] . The specification of the pipe used in this work shown in Table I Obtaining the normal mode information for a structure is a first step in assessing the dynamic behavior of a structure under the applied external body, surface, or boundary forces. The normal modes of vibration for the structure can be used to estimate structure response when the structure is loaded by force fields [8] .
The number of natural frequencies of vibration of any system equals the number of degrees-offreedom. So, any system having distributed parameters have infinite numbers of natural frequencies. At a given time, such a system commonly vibrates with an appreciable amplitude at only one frequency or limited numbers of frequencies [9] . The solution to the problem of free vibration in any system would require the determination of all the natural frequencies and of the mode shape associated with each. "In practice, it often is necessary to know only a few of the natural frequencies. Usually, the lowest frequencies are the important" [9] . Therefore, the natural frequency of the pipeline used in this work can be calculated before any external force is applied to it by the following formula [10] :
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( 1) where: Fn = pipe natural frequency (Hz) E = Young's modulus of elasticity (200GPa or 30E6psi for steels -approximately but close enough) I = 4th polar moment of inertia of pipe (0.049*[OD^4-ID^4]) in inches or in meters μ = pipe mass per unit length lbs/inch or kg/m here equal to 1.8 m. L = the distances between pipe supports (inches or meters)
By using the information in Table 1 and according to the formula above, the natural frequency of the pipe used in this work was calculated and it is equal to 130 Hz. In order to choose the suitable hardware components (Sensors, Microprocessors, and Radio Frequency communication units) for this work the sampling frequency must obtain first. According to the Shannon theorem [11] , the minimum sampling rate equals two samples per period of the maximum frequency component for the signal. Therefore the minimum sampling rate to capture the natural frequency of the selected pipe is 260Hz. In this paper, the sampling frequency is set to 400Hz as explained in the next sections.
III. SENSOR NODE DESIGN
The sensor node consists of four main units as illustrated in Figure 1 . These units are processing (microcontroller), communications, sensing, and power unit. The sensing unit commonly consists of one or more sensors and analog to digital converters (ADCs). The processing units typically are based around a microcontroller or microprocessor with data storage unit (memory), to collect and process the data locally. The sensors detect the phenomenon parameter of interest and generate analog signals based on this parameter. These signal are then fed to an ADC's that convert the analog signals to digital signal to be captured by the processing unit. The communication unit is an RF transceiver for performing data transmissions and reception over a radio channel. The power unit is typically made of batteries, yet many applications depend on another source such as a solar panel. However, batteries usually offer low cost, small size, and high capacity source of power.
The next subsections discuss the specifications of the selected microcontroller, transceiver accelerometer, and the power source of the node and the reasoning behind this selection.
FIG.1. ARCHITECTURE OF WIRELESS SENSOR NODE HARDWARE [1]

A. SELECTION OF SENSOR UNIT: ACCELEROMETER
Accelerometers are widely utilized for fault detection in many machines due to their reliable operation, precision, and sensitivity. They are electromechanical devices that convert the mechanical signals, such as vibrations and forces, to electrical signals, and. MEMS (Micro-electro-mechanical-sensors) accelerometers consume less power, have the small form factor, and weigh less, than another vibration sensor. All these features in addition to low cost make the MEMS accelerometer more suitable for wireless systems applications. In this paper, a three axes accelerometer is used to monitor the pipeline vibrations. Among several available commercial accelerometers, the 3-axis ADXL345 MEMS accelerometer has been chosen, since it is widely used in the field of vibration and motion research field. Also, its operating conditions and specifications are well documented.
The ADXL345 as shown in Figure 2 , is [12] a small, thin, developed by Analog Devices. Ultralow power: as low as 23 μA in measurements mode and 0.1 μA in standby mode. The ADXL345 operates on a supply voltage (2.0 -3.6 volt), 3-axis accelerometer with resolution (10 bit) measurement at ranges of ±2, ±4, and ±8 G, ( G is the acceleration due to earth gravity which approximately equals to 9.807 m/s²), and with resolution of 13-bit measurements at range up to ±16 G. The sensor digital output is packed in two bytes in the 2's complement format. The board uses either an SPI or I2C as a digital interface. The output data rate between 0.1 and 3200 Hz. This is very suitable to the sampling rate needed for this work.
B. SELECTION OF MICROCONTROLLER
The processor unit represents is what gives intelligence to the WSN node. The selection of a processor unit for WSNs are highly dependent on the application's class [3] . The key requirement that should be considered when selecting a processor unit for building a WSN node is to achieve a balance between the cost and processing speed. Other requirements involve physical size, required memory size, energy consumption, and support for peripherals. Currently, many companies provide an off-shelf microcontroller/microprocessor board for research and amateur users, for instance, Arduino, Microchip, and Texas Instruments. Arduino board was observed to be appropriate for this work, as it meets the design requirements explained above. This board is also compatible with a wide range of electronic components and has a large community supports which make the development process easier.
"Arduino is an open-source electronics platform based on easy-to-use hardware and software" [13] . Arduino DUE shown in figure 3 , based upon 32-bits, Atmel SAM3X8E ARM Cortex-M3 processor has features both of microprocessor (in term of speed and computational power) and microcontroller (in term of power consumption and board size). Also, based on the pipeline and the sensor specifications listed in table 1 and in [12] , we found that the DUE board is sufficient for pipeline monitoring job.
of a lightweight to avoid adding extra loadings on the pipe. The pipe mounted on one stand in each end. In this work, real-time vibration signals resulting from the damaging activity on the pipe are captured by the accelerometer of each node and transmitted wirelessly to the coordinator node. The position of (X-Y-Z) axis of the installed accelerometer for each node on the pipe shown in figure 5 . There are many damaging activities that may affect the exposed (above earth) oil pipeline structure, for example, ramming, picking, drilling, pipe knocking, forklift working.
The sampling rate for the accelerometer is set to 400 Hz output data rate (200 Hz bandwidth). That is appropriate to capture the natural frequency of the selected pipe. The resolution of each data sample is set to (10 bit) measurement within a total ranges of ±2 normal power mode. The I2C digital interface protocol was used to connect the accelerometer with the Arduino board. The testing for the system was performed by capturing the vibrating real-time signals in a three-axis of the accelerometer, as a result of knocking the pipe by hand hammer and drilling the pipe. 
V. RESULTS AND DISCUSSIONS
For exposed pipeline (above the earth) intentional or unintentional tampering can take several damaging forms. It is worth to mention that the system is proposed for the detection of the tampering event effects on the pipe while it happens, by comparing it to the previously recorded normal operation state. For the purpose of this paper, we subjected the pipe to both knocking and drilling events. These events were applied using a hammer and a handheld electric drill. The result recorded in this section for each sensor individually. Figure 6 below shows the reading of each sensor that displayed on the PC station. Each sensor is indicated by three values for three axes. The value of the first sensor named as (X1, Y1, Z1) and the values of the other sensor is (X2, Y2, Z2) .
Since the readings were close to each sensor node was approximated to each other, we relied on the average measurements of nodes. Figure 7 shows that the process of knocking the pipe three times in average time equal to approximately (11 seconds). The output real-time signals from the accelerometer in gravity units. When no event on the pipe, the average normal values of X, Y, Z-axis amplitude is 0.095 G, 0.04 G, and 1.07 G respectively.
The values for the Z axes was shifted 1 G due to ear th gravity. When knock event is applied these values increase to 1.3 G, 0.25 G and 1.75 G. From this results of measurements the maximum value of acceleration result from knocking occurred in Z-axis because of the event of knocking Perpendicular to this axis. The average time is taken to vibrate the pipe by each one knock approximately (1 second). Figure 8 below shows that the process of drilling the pipe two times in total average time equal to (50 seconds). When no event on the pipe, the average normal values of X, Y, Z-axis amplitude is 0.045 G, 0.04 G, and 1.07 G respectively. The values for the Z axes was shifted 1 G due to earth gravity. During the pipe drilling, the accelerometer measurement values were between ±1G for X-axis and Yaxis and 2 G for Z-axis. The average time is taken to vibrate the pipe by each one drilling process approximately (15 seconds).
FIG. 8. MEASUREMENTS OF ACCELEROMETER WHEN DRILLING THE PIPE
VI. CONCLUSION
This paper presents a system to measure and wirelessly collect vibration measurements from a pipeline to detect any ongoing damaging events. The proposed system successfully maintains a tradeoff between limited resources of low-cost sensor nodes and data quality as required for the detection. A network of three nodes (two sensor nodes and one acts as a base station) is designed and implemented. Each sensor nodes is consist of a 32-bit ARM core microcontroller, 3-axis ADXL accelerometer, and ZigBee RF transceiver. The sensor nodes were mounted on carbon steel oil pipe with a length of 2.0 m. Each node transfers the accelerometer measurements wirelessly to the base node that is connected to the computer for data collection and display. The Arduino DUE board was selected as the main part of the wireless sensor unit because it has the features of both microprocessors (in term of speed and computational power) and microcontroller (in term of power consumption and board size). During the experimental test, damaging events of knocking (with a hammer) and drilling (with an electrical handheld drill) was applied to the pipeline sample. The signals captured by using the accelerometer showed sufficient sensitivity to distinguish the damaging events. Results show that using the Arduino DUE boards offers functional accuracy that is suitable for detecting damaging effects. While using the ZigBee wireless protocol guarantee less power consumption and reliable RF communication.
